In this paper, we develop a methodological approach to increase the efficiency of watershed management approaches that focuses on the reduction of diffuse water pollution. The basic idea is that the efficiency may be improved by identifying and constituting homogenous groups of contiguous administrative units of a watershed, which jointly implement water pollution reduction measures. Homogeneity means similarity of group members with respect to a set of local and environmental characteristics, such as the degree of pollution and abatement costs. We empirically apply our methodology to the watershed of the German river Ems and identify homogenous groups of contiguous administrative units using cluster analysis methods implemented in a Geographical Information System.
Introduction
Nitrate and phosphorus entry into surface water mainly originates from mineral and organic fertilizers employed in the agricultural sector. This sector is responsible for the vast majority of diffuse-or non-point-source-water pollution in Germany. Within the period 1993 to 1997, the average contribution of the agricultural sector to the overall nitrate and phosphorus entry from non-point sources was as large as 94.1% and 83.7%, respectively [1] . In contrast to pollutants originating from point sources, such as sewage disposal systems and livestock facilities, pollutants from non-point sources, such as agricultural drainage, are difficult to combat.
Diffuse water pollution disperses, thereby affecting less polluted areas and, specifically, potable water resources. Nitrate and phosphorus entries, the two most significant water pollutants, lead to the turbidity and malodor of surface water, as well as its accelerated eutrophication. Given all these undesirable effects, the further reduction of diffuse pollution is a major goal of the EU Water Framework Directive 2000/60/EC (Article 10), although the level of diffuse pollution has been significantly reduced during the past twenty years [2] . Article 3 of this directive demands the coordination of water management within river basin districts, which usually belong to several administrative units such as federal states. As a result, watersheds are affected by frequently distinct and simultaneous actions of several administrations, and possible deficiencies in coordination may create inefficiencies [3] .
In this paper, we develop a methodological approach to improve the economic efficiency in the reduction of diffuse water pollution. It rests on the identification and formation of homogenous groups of contiguous administrative units of a watershed. By jointly implementing pollution reduction measures, these homogenous groups are able to diminish negative spillover effects and externalities. Homogeneity refers to characteristics such as willingness-to-pay for pollution reduction, abatement costs, and the degree of pollution, which varies with, e.g., agricultural production.
Our methodology proposed, commonly referred to as a regionalization approach [4] , is exemplified here by an application to the German side of the watershed of the river Ems. To identify homogenous groups of administrative units within this watershed, we use cluster analysis methods implemented in a Geographical Information System (GIS). As the implementation of joint pollution mitigation measures is only sensible and manageable in contiguous areas, the spatial relationship among administrative units is an essential variable for this cluster analysis.
In the following section, we explain our regionalization approach. Section 3 provides a concise description of our sample region. Empirical results for our sample region are presented in Section 4. The last section summarizes our findings and provides conclusions.
Methodological Framework
To avoid negative spill-over effects and inefficiencies due to the divergence between natural watershed areas and districts, the prevailing administration units, we suggest designing new artificial administrative structures consisting of contiguous sets of communities that are  in terms of diffuse water pollution, abatement costs, etc.  more homogeneous than the districts For this purpose, we must address two methodological issues: 1) the definition of a set of homogeneity criteria and 2) the measurement of homogeneity levels.
In our example of the Ems watershed, the German stretch of which covers 227 communities and 22 districts, the set of homogeneity criteria consists of two variables: abatement cost and discharge rates of nitrate. Assuming that the livestock density in the agricultural sector is limited to only one animal unit per hectare, the abatement cost data originates from an agro-economic forecast model called RAUMIS [5] , which was applied within the interdisciplinary research project REGFLUD 1 . This project is also the source for the data on discharge rates of nitrate, which was determined using a GIS-based model developed at Forschungszentrum Jülich.
Given that the implementation of joint water pollution mitigation measures is only sensible and manageable for contiguous administrative units, our clustering approach takes particular account of the spatial relationships of the communities (on cluster analysis and other regionalization approaches see [8] and [9] ). Our approach is therefore embedded in a Geographic Information System (GIS). To show the importance of taking spatial relationships into account, Figure 1 displays the outcome of an artificial clustering example when spatial distances among communities are either neglected or accounted for.
This illustrative example, inspired by [10] , comprises 16 communities and two variables: discharge rates of nitrate and abatement costs. If spatial relationships are ignored, the resulting clusters, called classes, are usually not contiguous and exhibit conjoint borderlines only by chance, as indicated by the left-hand side of the lower part of Figure 1 . In contrast, taking account of spatial relationships leads to so-called regions, that is, clusters that exclusively consist of contiguous administrative units, as shown on the right-hand side of the lower part of Figure 1 .
In contrast to e.g. [11] , who employ a contiguity matrix to capture spatial relationships, we proceed by determining artificial epicenters for each unit  called centroids  and including their x-and y-coordinates to our cluster analysis. The advantage of our method compared to approaches using a contiguity matrix is the parsimonious number of variables: We only need to add two additional variables, CX and CY, indicating the x-and y-positions of all centroids, rather than a matrix containing the information about spatial relationships among all administrative units, which, in practice, requires hundreds of variables [11] .
In short, we are left with merely four variables  abatement costs, discharge rates of nitrate, CX, and CY  for our cluster analysis, rather than several hundred variables. For operational convenience, we simply assign equal weights to these four variables. Any unequal weighting scheme − for instance, by assigning lower weights to the geographical variables CX, and CY because the other variables are regarded as more important − would be arbitrary.
Additionally, we need a measure that helps us to decide whether two communities, say, p and q, are similar to each other regarding the set of selected variables. Among a variety of such measures (see [12] ), we choose the Squared Euclidian metric:
with x j p and x j q denoting the concrete realizations of variable X j for community p and q, respectively. Before calculating the Squared Euclidian distances d pq , one has to standardize the variables. Upon standardization, each of the transformed variables displays zero mean and a uniform standard deviation of 1.
The more similar two communities are the closer to zero is the Squared Euclidian metric. Eventually, we come up with a symmetric (227 × 227) matrix (d pq ), representing the basis for the clustering procedure. We then need to choose among several clustering algorithms that help us to identify the ultimate number of clusters such that the heterogeneity across, and the homogeneity within, all clusters is maximized. For this purpose, we have chosen the centroid method 2 (see [13] for other methods).
The second methodological issue refers to the measurement of the homogeneity of our cluster analysis out 1 The overall objective of REGFLUD was the development and application of multi-criteria scientific methods to set up a Decision Support System aimed at reducing nonpoint source pollution in river catchments subject to economic feasibility and social acceptability. The project was funded by the Federal Ministry of Education and Research (BMBF) [6, 7] . 2 The centroids used in this clustering algorithm must not be confused with geographic centroids: These centroid vectors include the coordinates of geographic centroids, but also the respective values of the variables abatement cost and discharge rates of nitrate. comes -the set of output clusters. Commonly, homogeneity is examined for each criteria variable X j individually. Homogeneity tests are based on a statistical measure defined as the ratio of the within-cluster variance Var G (X j ) of a given cluster G and the between-cluster variance Var (X j ):
The letter F indicates that the probability distribution of this test statistic is the F-distribution. While the F-value of a cluster that is perfectly homogeneous with respect to criteria variable X j is zero, such desirable values do not occur in practice. In contrast, an F value equaling, or even exceeding, unity is not desirable. In this case, the within-cluster variance equals, or is even larger than, the respective between-cluster variance, which contradicts the inherent idea of clustering. Of course, the preferred result of any clustering approach is that all the clusters' F-values are substantially smaller than unity for all criteria variables. In this case, the clusters are called totally homogeneous.
For interpretational purposes, another test statistic is frequently employed. It is based on the relative difference of the within-cluster means G j x for a given cluster G and j x , which is the sample mean of criteria variable X j :
with std(X j ) denoting the sample standard deviation of variable X j . This test statistic, which follows Student's t distribution, reflects the relative deviation of a cluster G from the respective sample means. A large t-value indicates that a cluster G differs strongly from the sample average of variable X j .
Sample Region
Our approach is applied to the German side of the watershed of the river Ems, the region displayed in green in Figure 2 . The major part of this watershed is located in the North-West of Germany and stretches across the boundaries of two federal states, North-Rhine Westphalia and Lower Saxony. 227 German communities are either completely located in this watershed or share a significant part of it. The Dutch side of the watershed -displayed in light green in Figure 2 -must be ignored in our application due to the lack of data. The Ems watershed covers a wide range of different landscapes, exhibiting different hydrological, hydrogeological, and socio-economic characteristics. Agricultural production, particularly livestock farming, dominates the north-eastern part of this region, which is characterized by meagre, sandy soils. The dominance of livestock farming causes an abundance of organic fertilizers in the form of liquid manure. Generally, this liquid manure, commonly distributed to agricultural acreage, leads to nitrate entry into surface water and, hence, diffuse water pollution. Its degree depends upon the type of soil and the varying nitrate retention and degradation ability.
Regionalization of the Ems Watershed
In this section, we apply our regionalization approach to the communities of the German side of the watershed of the river Ems. Our aim is to identify contiguous clusters among the 227 communities that are more homogeneous with respect to abatement costs and discharge rates of nitrate than the prevailing administrative units (districts). Using the method described in Section 2, we end up with 22 clusters, which is only by chance equal to the number of districts. All outcome clusters displayed in Figure 3 are indeed contiguous groups of communities and most of these clusters are substantially different from the prevailing districts, although there are some similarities.
As a major result, the incongruity of district and cluster borderlines shown in Figure 3 indicates that the homogeneity among communities with respect to abatement cost and discharge rates of nitrate might be improved by re-grouping these communities along the lines of the outcome of our cluster analysis. F-values reported in Table 1 are well below the critical value of 1 for all clusters, indicating that the clustering outcome is totally homogenous with respect to the variables discharge rates of nitrate and abatement costs.
It is somewhat surprising that, except for three heterogeneous groups of communities, the prevailing administrative structure given by the districts of the Ems watershed appears to be quite homogeneous.
The t-values reported in Table 1 indicate that the abatement costs of clusters 8, 9, 10, 15, 16, 17, 21, and 22 are significantly larger than on average. With the exception of clusters 8 and 16, these clusters also display larger nitrate discharge rates than the sample average. Yet, there is no perfect positive correlation between nitrate entries and abatement cost, since the clusters 1, 4, 12, 13, 14, and 18 exhibit discharge rates of nitrate that are above the sample average, whereas the abatement costs of these clusters a below the average.
Summary and Conclusions
Current watershed management practices in Germany, as well as in other European countries, usually do not take particular account of the hydrological boundaries of watersheds. Yet, the fact that international and interregional watersheds are affected by the frequently distinct but simultaneous actions of several administrative units, such as districts, typically creates inefficiencies. Identifying and clustering adjacent communities of watersheds that are more homogeneous groups than the prevailing districts and that will then jointly implement pollution reduction measures has been suggested in this paper as a way to potentially increase the efficiency of watershed management.
Using cluster analysis methods, our regionalization approach is perfectly in line with Article 3 of the EU Water Framework Directive 2000/60/EC, which demands the coordination of the water management within river basin districts. Our approach is based on the theory of environmental federalism that deals with the efficient assignment of federal competencies − see, for example, [14] . Constitutional elements of this theory are the principles of subsidiarity and fiscal equivalence [15, 16] . The principle of subsidiarity implies that competencies ought to be assigned to the lowest federal level that suffices to meet a certain task. The efficient provision of, specifically, the public good "clean water" requires the matching of the natural areas of watersheds with administra- tive territories, and is in accordance with the principle of fiscal equivalence, which is also called perfect mapping.
According to [17] , there are three criteria characterizing an ideal administrative unit: 1) Preferences for a public good, such as clean water, need to be homogenous among inhabitants of such a unit; 2) costs for the provision of this public good must be similar within the administrative unit, and 3) specific policy measures aimed at improving the provision of the public good must only affect this unit's area (ideal geographical scope).
Along the lines of these ideas, we have developed a regionalization approach that has been empirically applied to the communities belonging to the German side of the watershed of the river Ems. Since the implementation of joint pollution mitigation measures is only sensible and manageable in adjacent areas, it is critical to cluster this watershed's communities in such a way that the resulting clusters build contiguous areas. Hence, the spatial relationship among administrative units is an essential variable for any cluster analysis employed to identify more homogeneous clusters of communities than the prevailing districts within this watershed. We therefore use cluster analysis methods implemented in a Geographical Information System (GIS). Homogeneity means that communities are similar regarding a defined set of variables, such as the degree of pollution and abatement costs for water pollution reduction.
The results based on empirical data on abatement costs and average nitrate discharge rates of our sample communities demonstrate that the suggested methodological approach allows for creating regions that are more homogeneous than the prevailing districts, i.e., the current administrative units. The resulting regionalization, however, represents only one possible spatial structure. Further research has to concentrate on determining and comparing the magnitude of the efficiency gains from different solutions.
Moreover, such reorganization might be problematic, because it might interfere with the current administrative structure and therefore may cause substantial legal problems that, ultimately, may hamper the desired watershed cooperation [18] . Nevertheless, the results of our regionalization approach may be useful when attempting to implement the EU Water Framework Directive.
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